Abstract The function of the pressure-overload left ventricle was studied in relation to the chamber geometry of the isolated canine heart. The occurrence of concentric hypertrophy was confirmed in dogs with aortic constriction 40 weeks after operation. The effect of the concentric hypertrophy on left ventricular function was then studied in five pressure-overload dogs. The end-diastolic pressure of the preparation was preset at 20 mmHg. In the pressure-overload ventricle, the end-diastolic volume was smaller by 47% (p<0.01) and the peak systolic pressure was higher by 24% (p<0.01) than the control at isovolumic beats. Ejection pressure was controlled by our afterload controlling system at various levels and kept constant during the ejection phase. When ejection pressure was the same, the difference in stroke volume between the experimental and control groups was not significant. In the pressure-overload ventricle, the slope (the reciprocal is Emax) of the regression line of the end-systolic volume on ejection pressure decreased (p<0.01) to 0.095 ml/mmHg by 47% from 0.186 ml/mmHg in the control. The volume-axis intercept (Vd) of the line was reduced to 55 % of the control. A decrease in the regression line slope was in linear proportion to the degree of concentric hypertrophy, namely, to the change in chamber geometry. These results indicated that: (1) Despite reduction of the end-diastolic volume, the concentric hypertrophied ventricle showed no reduction in stroke volume at the same level of ejection pressure, because of its improved capability to generate pressure. (2) Ema$ was dependent on ventricular geometry.
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Sustained pressure-overload on ventricle induces cardiac hypertrophy, whereby two changes are observed from a morphological point of view : myocardial hypertrophy and changes in ventricular geometry, namely, concentric hypertrophy (ARAI et al., 1968; DEVEREUX and REICHEK, 1980; GRANT et a1.,1965; GROSSMAN, 1980; LINZBACH, 1960) . To evaluate the ventricular function in the presence of pressure-overload hypertrophy, it is therefore necessary to examine, 1) whether any change occurs in the contractile state of the hypertrophied myocardium, and 2) how the change in ventricular geometry modifies the ventricular function. Publications up to the present have demonstrated that the contractile state of the hypertrophied myocardium remained unchanged in large animals, when pressureoverload was gradually applied (CARABELLO et al., 1981; SASAYAMA et al., 1976; WILLIAMS and POTTER, 1974; WISENBAUGH et a!., 1983) . On the other hand, several investigators have indicated that concentric hypertrophy which occurred in the pressure-overload heart reduced the wall stress to the level of the normal ventricle and that the occurrence of hypertrophy was the mechanism of adaptation to the increased afterload (GROSSMAN et al., 1975; STRAUER, 1979) . Little information is available, however, concerning the relationship between chamber geometry and ventricular function in the pressure-overload ventricle.
In an isolated heart preparation from a normal dog, SUGA et al. (1973) observed a linear relationship between end-systolic pressure (ESP) and end-systolic volume (ESV), and stated that its slope, namely Emax, is useful in evaluating the contractile state of the ventricle. Several investigators have applied this relationship to assess the contractile behavior not only of the normal but also of the hypertrophied ventricle (GROSSMAN et al., 1977; SAGAWA, 1981; SPANN et al., 1980) . However, there has been little experimental evidence suggesting the validity of the pressurevolume relationship of the ventricle obtained in an isolated preparation of a hypertrophied heart model. This study was undertaken, therefore, to examine how the occurrence of concentric hypertrophy due to pressure overload modifies the ventricular function. First, pressure-overload hypertrophied left ventricle was induced by coarctation of the aorta in mongrel puppies. Then, the heart was excised, metabolically supported, and the pressure-volume relation in the pressure-overload left ventricle at various ejection pressures was studied by keeping the end-diastolic pressure (EDP) at 20 mmHg.
(constriction) by the modified method of O'KANE et al. (1973) . The puppies were allowed to grow for an average of 40 weeks before study. These dogs showed no signs of heart failure such as ascites, edema of the limbs, or hydrothorax at the time of the following experiment.
Surgical preparation. The isolated canine heart preparation was metabolically supported by a donor dog. A total of 12 preparations were made from five pressure-overload and seven control canine hearts. Donor dogs and heartexcised dogs were anesthetized with sodium pentobarbital (30 mg/kg, i.v.). Additional anesthesia was given as required. The chest of the dog was opened under artificial respiration and the heart was isolated. After pericardiotomy, the trunk of the left main coronary artery was dissected and a cotton tie was placed beneath it. The heart was fibrillated with electricity, excised immediately thereafter, and its weight determined. A modified Eckstein's cannula with an internal diameter of 2.5 or 3 mm was inserted into the trunk of the left main coronary artery and was fixed in position by the cotton tie (ECKSTEIN and ROWEN, 1967) . Care was taken to avoid compression by the ligature of the septal artery, and patency of the septal artery was confirmed in each preparation when the heart was fixed with formalin at the end of the experiment.
All these procedures were done within 30 sec and reperfusion of the heart with the arterial blood from the donor dog through the cannula was started immediately thereafter. The left atrium was opened and the chordae tendineae were cut. A purse-string was placed around the mitral annulus and an L-shaped connecting acryl tube was fixed. The internal diameter of the connecting tube was 14 mm and the wall thickness 3 mm. A compliant latex balloon was fixed at one end of the connecting tube and was placed in the left ventricular cavity. The other end of the connecting tube was coupled to an afterload controlling system, which will be described below. The balloon and tube were filled with water to drive the air out.
The free wall of the right ventricle was dissected and the coronary sinus flow was drained. The atrio-ventricular node was destroyed by formalin injection and the left ventricle was paced. A catheter with multiple side holes was introduced into the ventricular cavity through the aortic valve. The cusps of the valve were closed by a suture to prevent systolic protrusion of the balloon. Suction was applied through the catheter to maintain the space between the balloon and the endocardium at a minimum and to drain the Thebesian flow. The heart was kept submerged in a blood bath of 37°C to the level of the atrio-ventricular groove (Fig. 1) .
The arterial blood from the donor dog was pooled in a reservoir and pumped into a bottle with a Windkessel chamber. With this device, the coronary perfusion pressure could be kept at a constant level and the range of its fluctuation remained within 5 mmHg through a cardiac cycle. The temperature of the arterial blood delivered to the ventricle was regulated at about 37°C with a heat exchanger. After reperfusion, at least 45 min were allowed for the preparation to stabilize before data collection. The left ventricular pressure was measured by means of a short stainless tube and with a Statham P23Gb transducer. The left ventricular outflow was measured with a linear transducer which was connected to the piston of the afterload controlling system. Afterload controlling system. The ejection pressure of the preparation was specified at various levels and was kept constant during the ejection phase with the servo-controlled pump system which has been described elsewhere (NAKAMURA et al., 1978) . Briefly, the system consisted of a piston in a cylinder (8 cm in diameter) actuated by an electromagnet (Matsushita Electric Co. AS-1-0612) and of an electric circuit. The system was operated as follows. The left ventricular pressure (LVP) signal was compared with the pressure command signal of the control amplifier. When the LVP exceeded pressure indicated by the command signal, the difference between the signals was fed to the power amplifier. The left ventricular volume was reduced by the movement of the piston so that the left ventricular ejection pressure was kept at a constant level during the ejection Japanese Journal of Physiology phase. When the LVP became lower than the pressure of the command signal, the piston returned to the initial position. The EDV was thus kept constant during the experiment. However, as the electromagnet worked only in one direction, a spring coil was attached to the afterload controlling system in order to return the piston to the initial position (Fig. 1) . The volume which was ejected from the ventricle during the ejection phase was returned to the ventricle at diastole with the spring coil. As a result, considerable artifacts were observed at the ventricular pressure wave form at diastole, as shown in Fig. 2 . But these artifacts seemed to exert no effect on ventricular function at systole, because Emax in ejection beats was almost the same to that in isovolumic beats in our preparation. In addition, the point where the ejection volume reached its maximum was very close to the point where the ventricular pressure began to decrease from the given ejection pressure in this system.
At the beginning of ejection, an overshoot in ejection pressure (EP) wave form was observed. The overshoot did not exceed the given EP by more than 10 mmHg when the EP was between 60 and 160 mmHg, but when the ejection pressure was 40 mmHg, it was difficult to keep the overshoot within 10 mmHg. In all cases, the EP was successfully controlled within a range of 5 mmHg of a given pressure except at the beginning of ejection. Vol. 34, No. 4, 1984 Experimental condition and protocol. First, we measured the left ventricular volume (V0) under an EDP of 0 mmHg in isovolumic beats. Next, the EDVs and the peak systolic pressures at the EDPs of 10 and 20 mmHg were measured in isovolumic beats. Usually, it took 5 to 7 min for the diastolic pressure of the left ventricle to attain a constant level, after the diastolic pressure was set at 10 or 20 mmHg. During this period, a decrease in diastolic pressure was observed. Hence, it was necessary to increase the left ventricular volume slightly to maintain the EDP of 10 or 20 mmHg.
The EDP was fixed at 20 mmHg and the EP was reduced stepwise from 160 to 40 mmHg by steps of 20 mmHg with the afterload controlling system while stroke volume was measured. In some ventricles, however, stroke volume at an EP of 160 mmHg was so small that sufficient control of the EP pattern was difficult. In such cases, the stroke volume data at an EP of 160 mmHg was discarded. At the end of the experiments, all heart preparations were fixed at a left ventricular volume of Vo+20 ml with a 10 % formalin solution perfused through the Eckstein's cannula. The balloon was removed, and the left ventricular volume and the weight of the heart were determined. Then the left ventricular weight was measured by FULTON's method (1952) . In several cases, the weight of the fixed heart increased within the range of 15 % of the initial weight. In these cases, the left ventricular weight measured at the end of the experiment was corrected according to its weight gain.
The coronary perfusion pressure was kept constant at 100 mmHg and the heart rate at 120/min. The donor dog was ventilated under a positive pressure with room air or supplemental oxygen sufficient to keep blood gases in the physiological range. To maintain a stable contractile state of the isolated heart preparation, the arterial blood gases and serum potassium concentration in the donor dog were carefully monitored and maintained within the physiological range.
Data collection and analysis. We recorded the left ventricular pressure and the stroke volume on an electromagnetic oscillograph with a full scale of 180 mmHg at a paper speed of 200 mm/sec. All stroke volumes were obtained from steady state conditions under different pressures. It took usually about 2 min for successive beats to become stable after the change in EP. All preparation fulfilled the following criteria of stability : the difference in peak isovolumic pressures was within 10 mmHg before and after ejection runs. In this experiment, preload, namely the EDV, was kept constant and only the afterload was changed. Therefore, the ventricular volume at the end of ejection could be obtained by subtracting the stroke volume at each ejection pressure from the EDV of each ventricle. The afterload was also controlled so that the EP was kept at a constant level during the ejection phase by the afterload controlling system. Therefore in this experiment, the ESP was equal to the EP.
Linear regression was calculated by the method of least squares. When two groups of data were compared, statistical comparison was made using the non-paired Student's t-test. Differences at 1 % confidence level were considered significant. All data were expressed as mean+S.D.
RESULTS
The left ventricular weight of the pressure-overload heart of our dogs was not significantly different from that of the control. However, the body weight of the banded dogs was smaller than that of the control. Therefore, there was a significant rise in the ratio of the left ventricular weight to the body weight in the pressure-overload ventricle (Table 1) . Thus, the occurrence of left ventricular hypertrophy was confirmed.
The EDV in the pressure-overload heart was significantly smaller than that of the control at EDP of either 10 or 20 mmHg. The average diastolic compliance (0.46+0.17 ml/mmHg) between EDPs of 10 and 20 mmHg in the pressureoverload heart was significantly lower than that (0.92+0.13 ml/mmHg) of the control. ventricle could generate higher systolic pressure as compared with the control heart, provided that the preload in the ventricle was the same. In other words, the ability to generate pressure of these ventricles was improved. Table 2 shows the stroke volumes of control and hypertrophied hearts under different EPs. A linear relationship was observed between the EP and the stroke volume in both ventricles. The stroke volume in the pressure-overload ventricle was not significantly different from that of the control at different EPs, despite the fact that the EDV was reduced as the result of the occurrence of concentric hypertrophy. A highly linear correlation between EP and ESV with a correlation coefficient of above 0.98 was found for both control and hypertrophied hearts. The slope of the regression line (the reciprocal of the slope is Emax) of the relation between EP and ESV of the ventricle, and the volume axis intercept (this corresponds to Vd proposed by SUGA et al., 1973) of the regression line are shown in Table 3 . The mean value of the ESV of control and hypertrophied hearts under different EPs and standard deviation are shown in Fig. 4 . In hypertrophied hearts, the ESV under different EPs was always smaller than that of the control hearts.
There was a very close correlation between EP and ejection fraction for both control and hypertrophied hearts. Also, it was found that the decrease in ejec- Vol. 34, No. 4, 1984 tion fraction was almost inversely related to EP. The slope of the regression line of ejection fraction on EP in the pressure-overload heart was not significantly different from that of the control. But the intercept of the ejection fraction axis of the regression line was significantly increased as compared with that of the control heart. Thus the ejection fraction was always larger in hypertrophied hearts than in control hearts, when the hearts performed pump action at the same preload and afterload.
Japanese Journal of Physiology Next, we studied the relation between the ventricular geometry and the slope of the regression line which was obtained on the basis of the relation between EP and ESV. The change of chamber geometry during the process of cardiac hypertrophy was evaluated by using the change in the volume/weight ratio of the left ventricle which was measured under an EDP of 20 mmHg in isovolumic beats. Figure S shows the relation between the volume/weight ratio of the left ventricle at an EDP of 20 mmHg and the slope of the EP-ESV relation. The slope of the EP-ESV relation decreased in parallel with the development of concentric hypertrophy. The reciprocal of the slope of the EP-ESV relation is equal to Emag. Therefore, the above results indicated that Emag was changed not only by the alteration of the contractile state of the myocardium but also by the change of chamber geometry.
DISCUSSION
The ventricular function varies according to (1) the loading conditions, namely, the changes in preload and afterload, (2) ventricular size and shape, and (3) the contractile state of the myocardium (BRAUNWALD et a!., 1976) . Since concentric hypertrophy of the heart and myocardial hypertrophy develop under sustained pressure load, it is conceivable that the above parameters change simultaneously in the pressure-overload ventricle. Taking these problems into consideration, we studied the functional differences between the pressure-overload hypertrophied and control ventricles using the isolated canine heart preparation with their loading conditions set at the same level. The results of this study indicated that the occurrence of concentric hypertrophy in the pressure-overload heart exerted dual effects on ventricular function. The occurrence of concentric hypertrophy increased the ventricular capability to develop pressure and also the ejection fraction and Emag, but it decreased the ventricular compliance and as a result, EDV was reduced. Consequently, the stroke volume of the pressure-overload heart was not significantly different from that of the control, when the two heart preparations were investigated at the same EDP and ejection pressure.
Two factors may be responsible for the change in ventricular compliance which was found in the pressure-overload ventricle : (1) change, if any, in compliance of the hypertrophied myocardium and (2) change in chamber geometry. There is still controversy concerning whether any change occurs in the myocardial compliance of the pressure-overload ventricle. Several studies reported that myocardial compliance of the hypertrophied heart was decreased (ALPERT et al., 1974; BING et al., 1971; GROSSMAN et al., 1974; MIRSKY and PASIPOULARIDOS, 1980; SERIZAWA et a!.,1982) , while others have observed no change in this respect (GRIMM et al., 1963; SPANN et al., 1967; GUNNING and COLEMANN, 1973) . In our previous studies, the degree of decrease in ventricular compliance was almost proportional to the concentricity of their heart, despite the fact that there was no Vol. 34, No. 4, 1984 alteration in myocardial compliance (NAKAMURA et al., 1976 (NAKAMURA et al., , 1982 . We also showed that stress and strain in the hypertrophied left ventricular wall were smaller than those of the control, when compared at the same EDP (NAKAMURA et a!.,1980). These results indicated that the preload on ventricular muscle in concentric hypertrophied ventricle was smaller than in the control at the same EDP.
Because of the decrease in ventricular compliance, the EDV in the pressureoverload ventricle was smaller than that of the control at the same EDP. Despite the decrease in EDV, these ventricles were capable of developing higher isovolumic systolic pressure than the control ventricles, when compared at the same EDP. In other words, the pressure-overload ventricle increased its capability of generating pressure. At the same EDP and EP, the ejection fraction for hypertrophy was larger than that for control. Also Emag was larger in these ventricles. When evaluated by the value of Emag and ejection fraction determined by the experiment, the ventricular function seemed to be improved, but there was no increase in stroke volume due to the concomitant decrease in EDV. Several investigators measured cardiac output, stroke volume, stroke work, peak dp/dt, and mean VCf of the pressure-overload heart and reported no functional impairment at rest or during exercise (CARABELLO et al., 1981; MALIK et al., 1974; PFEFFER et al., 1976; SASAYAMA et al., 1976) . On the other hand, SASAYAMA et al. (1977) demonstrated hyperfunction as a pump of these hearts based on the increased wallshortening velocity in comparison with that of the control at a matched level of systolic pressure. Our results indicated that the volume-ejecting ability in these hearts was not increased, despite the increase of the ejection fraction.
In the present study, the left ventricular weight of the pressure-overload dogs was not significantly different from that of the control dogs, because the body weight of the former dogs was smaller than that of the latter. In other words, we matched the left ventricular weight of both groups. On the other hand, almost all the investigators in the previous experimental studies matched the body weight in both groups (CARABELLO et al., 1981; MALIK et al., 1974; WISENBAUGH et al., 1983) . Therefore, the left ventricular weight of the pressure-overload animals was larger than that of the controls. These differences may also have contributed to the fact that we observed the results as described above.
It has been proposed by SUGA et al. (1973) that Emag may not be affected by the changes in either preload or afterload and may be sensitive to the change in ventricular contractile state. The present study showed that, in the isolated preparation, however, both the slope of the EP-ESV regression line and the volume axis intercept changed in the pressure-overload hypertrophied left ventricle. Since EP was at a constant level during ejection phase, the EP was equal to the ESP and the reciprocal of the slope of the regression line was equivalent to Emag. The Emag in the pressure-overload ventricle was 11.18±2.89 mmHg/ml, an apparent increase as compared with 5.46±0.73 mmHg/ml of the control heart (p<0.01). Also we observed a change in chamber geometry of the ventricle, a 52 % reduction in average in the volume/weight ratio of the left ventricle. The increase in the slope of the EP-ESV regression line was proportional to the degree of concentric hypertrophy described above. These results indicated that Emag is sensitive not only to the contractile state of the ventricular muscle, but also to the change in chamber geometry. SAGAWA (1978) pointed out that the value of Emax is related to the subject's body size. He suggested that Emag of the normal human ventricle would have to be half the Emax of the normal canine heart, because the human heart is roughly three to four times as large as the heart of a 20 kg dog. In our experimental dogs, a 57 % reduction in EDV was found in comparison with that of the control dogs and the value of Emax in the pressure-overload ventricle was almost twice as large as that of the controls. Thus, we must consider the possibility that the increase in Emax was partly due to the reduction of EDV. However, as shown in Fig. 6 , there was a close correlation between Ema% and the volume/weight ratio of the left ventricle. Therefore, we concluded that the increase in Emag in our pressureoverload ventricles was mainly due to the changes in chamber geometry which resulted from the occurrence of concentric hypertrophy.
In a recent theoretical study, SUGA et al. (1984) demonstrated that the product of Ema$ and Vd was reasonably normalized Emag, almost independent of the size of the ventricle and was responsible for the change in myocardial contractility. However, the Emax Vd (68.3+ 15.3 mmHg) calculated from our experimental data of Table 3 of the pressure-overload heart was significantly smaller than that (112.3 ±25.7 mmHg) of the control ventricle (p<0.01), and these values were sensitive to the change in chamber geometry, namely, to the change in the ratio of EDV at an EDP of 20 mmHg to the left ventricular weight. Therefore, our result indicated that Emax Vd was sensitive not only to myocardial contractility but also to chamber geometry.
The following three possibilities have been reported on the basis of experiments as the causes for the depression of the inotropic state under pressure overload : (1) acute myocardial injury after a sudden increase of pressure load (MEERSON, 1965) , (2) shift in myocardial isozyme (WIKMAN-COFFELT, et al., 1982) , and (3) severe hypertrophy after sustained pressure load (MEERSON,1965; PFEFFER et al., 1976; SPANN et a!., 1967) . However, data which are opposed to the above notions have also been published. First, several studies reported that the contractile state of the pressure-overload heart remained unchanged in dogs and pigs, in both of which the pressure-overload was gradually applied in a similar manner as in our study (CARABELLO et al., 1981; WISENBAUGH et al., 1983) . Secondly, a shift in myosin enzyme in the above animals did not seem to occur or was not of physiological significance (LoMPRE et al., 1981; WISENBAUGH et al., 1983) . Thirdly, recent studies found no alteration in ventricular function when the gain in the left ventricular mass to body weight ratio was from 25 to 65 % of that of the control (CARABELLO et al., 1981; PFEFFER et al., 1976; SASAYAMA et al., 1976;  T. NAKAMURA, T. KIMURA, S. ARAI, M. MOTOMIYA, and N. SUZUKI WISENBAUGH et al., 1983) . In our experiment, the banded animals showed an average of 51.4 % increase in left ventricular mass relative to body weight. As evidenced by the above experimental conditions and results, the myocardial contractile state of the pressure-overload ventricle in this study remained in a physiological range. The present study has the following problems. First, we measured the left ventricular volume by inserting a compliant balloon into the ventricle. The endsystolic volume was calculated by subtracting the stroke volume from the enddiastolic volume. In the concentric hypertrophied ventricle, it seems difficult to fit the balloon into the ventricle, especially at end-systole, because of the presence of well-developed trabeculae carneae. As a result, there is a possibility that the stroke volume measured experimentally may be slightly larger than the actual stroke volume. Second, we measured the stroke volume of both control and hypertrophied ventricles at the same EDP of 20 mmHg. For the control heart, the EDP of 20 mmHg may have been a level a little too high to maintain. At a high EDP, the contractile state of the control ventricle may be less stable. On the other hand, at a low EDP, it cannot eject a sufficient amount of stroke volume under a high ejection pressure of above 120 mmHg. In our preliminary experiments, the pressure-volume relation remained linear during isovolumic beats, when the EDP was in the range from 0 to 20 mmHg. Therefore, we set the EDP of both ventricles at 20 mmHg.
In conclusion, we studied the ventricular function of the pressure-overload hypertrophied left ventricle using the isolated canine heart preparation, with particular attention paid to the effect of altered chamber geometry. The results indicated that in the presence of concentric hypertrophy, there was no increase of volume-ejecting ability of the left ventricle as shown by the values of stroke volume determined under matched EP and EDP. It was found, however, that the capability of the left ventricle to generate pressure was improved.
